Neutrophils kill micro-organisms using microbicidal products that they release into the phagosome or into the extracellular space. The secretory machinery utilized by neutrophils is poorly characterized. We show that the small GTPase Rab27a is an essential component of the secretory machinery of azurophilic granules in granulocytes. Rab27a-deficient mice have impaired secretion of MPO (myeloperoxidase) into the plasma in response to lipopolysaccharide. Cell fractionation analysis revealed that Rab27a and the Rab27a effector protein JFC1/Slp1 (synaptotagmin-like protein 1) are distributed principally in the low-density fraction containing a minor population of MPO-containing granules. By immunofluorescence microscopy, we detected Rab27a and JFC1/Slp1 in a minor subpopulation of MPO-containing granules. Interference with the JFC1/Slp1-Rab27a secretory machinery impaired secretion of MPO in permeabilized neutrophils. The expression of Rab27a was dramatically increased when promyelocytic HL-60 cells were differentiated into granulocytes but not when they were differentiated into monocytes. Down-regulation of Rab27a in HL-60 cells by RNA interference did not affect JFC1/Slp1 expression but significantly decreased the secretion of MPO. Neither Rab27a nor JFC1/Slp1 was integrated into the phagolysosome membrane during phagocytosis. Neutrophils from Rab27a-deficient mice efficiently phagocytose zymosan opsonized particles and deliver MPO to the phagosome. We conclude that Rab27a and JFC1/Slp1 permit MPO release into the surrounding milieu and constitute key components of the secretory machinery of azurophilic granules in granulocytes. Our results suggest that the granules implicated in cargo release towards the surrounding milieu are molecularly and mechanistically different from those involved in their release towards the phagolysosome.
INTRODUCTION
Human neutrophils play a central role in innate immunity by combating bacterial and fungal infections. Neutrophils kill microorganisms by releasing microbicidal products into the phagosome or into the extracellular space. In resting neutrophils these microbicidal molecules are segregated and stored in secretory organelles, thus protecting the host from uncontrolled activation. Mature neutrophils contain four types of exocytosable storage organelles: azurophilic (primary) granules, specific (secondary) granules, gelatinase (tertiary) granules and secretory vesicles [1] . These secretory organelles contain a battery of molecules that contribute to the accurate implementation of many neutrophil functions [2] . Azurophilic granules contain MPO (myeloperoxidase) and defensins [3] , in addition to other antimicrobial peptides. Specific granules contain lactoferrin [4] and MMP-9 (matrix metalloproteinase-9) [5] , both modulators of the inflammatory response, which are also the main cargo of tertiary granules [6] . Neutrophil granules also contain a set of membrane proteins that are translocated to the plasma membrane during activation thus replenishing the plasma membrane with diverse receptor molecules that are essential for neutrophil function [7] . It is generally accepted that granule exocytosis during neutrophil activation is hierarchical [1] ; thus the secretory vesicles are mobilized first, while tertiary granules, specific granules and azurophilic granules are sequentially mobilized in response to increasingly stronger stimuli. The hierarchy that characterizes the secretory process correlates with the different roles of their secretory cargo in adhesion, migration, chemotaxis, phagocytosis and production of ROS (reactive oxygen species). It has been proposed that this hierarchy relies on quantitative rather than qualitative differences in the secretory machinery of the various granule populations [1] . However, the exocytotic machinery of the neutrophil granules remains incompletely understood. Importantly, low-molecularmass GTP-binding proteins have been implicated in the regulation of vesicular traffic in the secretory pathways of several types of cells including neutrophils [8] , supporting the hypothesis that Rab GTPases, which help to regulate the specificity of vesicular transport including exocytosis [9] , play a central role in this mechanism.
The Rab proteins are Ras-like small GTPases that act as membrane organizers. Together with their specific effectors, they are thought to regulate both the efficiency and specificity of vesicular transport. In particular, Rab27a is believed to play a central role in regulated secretion in a wide range of non-neuronal secretory cells [10] . Interestingly, of the more than 60 Rab GTPases that have been identified in humans, Rab27a is the only one directly associated with a human disease. Patients with a genetic defect in the Rab27a gene suffer a rare severe immunodeficiency disorder associated with partial pigmentary dilution [type 2 GS (Griscelli syndrome)] [11, 12] . GS is characterized by impaired melanosome transport, which causes the pigmentary disorder, and Abbreviations used: DAPI, 4 ,6-diamidino-2-phenylindole; EGFP, enhanced green fluorescent protein; GS, Griscelli syndrome; GST, glutathione Stransferases; HRP, horseradish peroxidase; LOD, log likelihood ratio; LPS, lipopolysaccharide; MMP-9, matrix metalloproteinase-9; MPO, myeloperoxidase; RBD, Rab-binding domain; siRNA, small interference RNA; SLO, streptolysin O; Slp1, synaptotagmin-like protein 1; VAMP-2, vesicle-associated membrane protein-2. 1 To whom correspondence should be addressed (email scatz@scripps.edu).
by immunological abnormalities that are responsible for the poor prognosis of the disease [11] . The immunodeficiency observed in GS has been associated with impaired function of the T-lymphocytes [11] , which fail to secrete the content of their lytic granules [13] , and with impaired natural killer cell function [14] . Importantly, although the roles of Rab27a and its effectors have not been characterized in neutrophil function, two previous case reports have suggested that patients with GS may have defects in the function of their granulocytes. One of these studies showed abnormal bactericidal activity in the neutrophils of some of the patients evaluated [14] , while the other report indicated that neutrophils from GS patients were abnormal in their phagocytic ability [15] . These studies support the hypothesis that neutrophil function is impaired in Rab27a-deficient patients and suggest that this may contribute to the pathophysiology of GS. Interestingly, Rab27a has been associated with the exocytic mechanism of a group of secretory organelles denominated lysosome-related organelles. This group includes melanosomes, lytic granules, MHC class II compartments, platelet-dense granules and basophil granules [16] . Neutrophil azurophilic granules are also lysosomerelated organelles [16] . The exocytic mechanism of neutrophil granules and in particular of azurophilic granules is poorly understood, and the possible role of Rab27a in this process has not been shown.
We recently identified the Rab27a effector JFC1/Slp1 (synaptotagmin-like protein 1) from a B-lymphoblast-derived cDNA library and with the neutrophil NADPH oxidase cytosolic factor p67 phox as bait [17] . Like Rab27a, JFC1/Slp1 is widely expressed in tissues with a secretory function, and a high level of expression is observed in leucocytes. The C2A domain of JFC1/Slp1 exhibits the phosphoinositide-binding site K(K/R)KTXXK(K/R) found in several members of the synaptotagmin family and binds to phosphatidylinositol (3, 4, 5) trisphosphate [18] . The N-terminus of JFC1/Slp1 contains a domain that is homologous with the Rabbinding module [RBD (Rab-binding domain)] present in Rabphilin3a, an effector of the small GTPase Rab3a. JFC1/Slp1 specifically binds to Rab27a [19, 20] but not to other Rab proteins [21] . Our previous studies indicate that JFC1/Slp1 and Rab27a play an essential role in exocytosis [19] . In the present study, we demonstrate that Rab27a is a key component of the secretory machinery of azurophilic granules in granulocytes and we suggest that this is performed in conjunction with the Rab-effector JFC1/Slp1.
EXPERIMENTAL

Cell culture and transfection
The human promyelocytic leukaemia cell line HL-60 [A.T.C.C. (American Type Culture Collection)] was cultured in DMEM (Dulbecco's modified Eagle's medium; Gibco-BRL) supplemented with 20 % fetal bovine serum (Hyclone), 0.292 mg/ ml glutamine, 50 units/ml penicillin and 50 µg/ml streptomycin at 37
• C in 5% CO 2 /air. HL-60 cells were transfected by nucleoporation using a nucleoporator apparatus (Amaxa Biosystems). For these experiments, 5 × 10 6 cells were resuspended in 100 µl of Solution V (Amaxa Biosystems) in the presence of 20 µM Rab27a-specific siRNA (small interference RNA; Dharmacon) or non-silencing siRNA. The Rab27a-specific siRNAs used were: 5 -ggagagguuucguagcuua, Rab27a(1) and 5 -ccaguguacuuuaccaaua, Rab27a (2) . Nucleofection was performed using the electrical setting T-O1. The cells were then replated in complete medium, incubated at 37
• C in 5% CO 2 /air and used for analysis 72 h post-transfection.
Differentiation, transfection and fractionation of HL-60 promyelocytic cells
For differentiation, HL-60 cells were treated with DMSO (1.3 %, v/v), PMA (3.2 nM) or left untreated for 48 h at 37
• C in 5 % CO 2 / air. For stimulated secretion, HL-60 cells (5 × 10 6 ) were transfected by nucleofection with Rab27a-specific siRNA or with control siRNA (C2, Akt-specific and C3, non-silencing siRNA). The cells were differentiated to granulocytes 24 h after transfection and, 48 h later, the cells were stimulated with PMA (1 µg/ml) for 30 min at 37
• C or left untreated (control). The cells were spun down, the supernatant was recovered and the pellets were lysed (M-PER; Pierce). MPO concentration was determined by ELISA (Assay Design). The protein concentration in the samples was analysed by the Bradford [49] method using a protein assay kit (Bio-Rad) and BSA as the standard. For each experiment, the cells were harvested and analysed for the expression of Rab27a. In some experiments, transfected HL-60 cells were resuspended in hypo-osmotic buffer [20 mM Tris/HCl, pH 7.4, containing 10 mM KCl, 1 mM EDTA, 1 mM dithiothreitol, Complete TM antiprotease cocktail (Roche Diagnostics) and 1 mM PMSF]. The cells were placed on ice for 20 min and passed through a 27 gauge syringe needle 40 times. Lysed cells were centrifuged at 1000 g for 5 min and supernatants were spun down at 5000 g for another 5 min at 4
• C. The new supernatants were then centrifuged at 100 000 g for 1 h at 4
• C. These supernatants were recovered and saved for further analysis. Pellets were washed with PBS and spun down again at 100 000 g for 1 h. The pellets were resuspended in M-PER lysis buffer (Pierce). The samples were analysed for the presence of Rab27a and JFC1/Slp1 by Western blot.
Neutrophil isolation and fractionation
Neutrophils were isolated from a normal donor's blood by Ficoll density centrifugation as previously described [22] . The cellular fractionation was carried out using a two-layer Percoll density gradient after nitrogen cavitation exactly as described in [23] . The particulate fractions are referred to as α (more dense), β and γ (less dense). For sucrose-density-gradient fractionation, neutrophil lysates were spun down at 400 g for 30 min, the supernatants were placed on top of a continuous sucrose gradient (20-70 %) and spun down at 150 000 g for 1 h at 4
• C. Aliquots were collected from the top to the bottom and analysed for the expression of granule markers. The spectrophotometric determination of MPO activity in each fraction was measured using CytoStore (Calgary, Canada). In some experiments, human neutrophils were transfected by nucleofection with the vector expressing the plasma-membrane-binding domain of JFC1/Slp1 (C2A domain) [18] as a chimaera with EGFP (enhanced green fluorescent protein) (EGFP-C2A), or with the EGFP empty vector as a control. The cells were fixed 2 h after transfections and analysed by confocal microscopy.
Immunofluorescence
Human neutrophils or differentiated HL-60 cells were seeded at 70 % confluence in an eight-well chambered coverglass [pretreated with poly(L-lysine) at 0.01 % in PBS], fixed with 3.7 % (w/v) paraformaldehyde, permeabilized with 0.01 % saponin and blocked with a solution of 1 % BSA in PBS. In order to stain the nucleus, some samples were incubated with DAPI (4 ,6-diamidino-2-phenylindole) for 5 min at 21
• C. Samples were labelled with the indicated primary antibodies, overnight at 4
• C, and the appropriate combinations of the secondary antibodies (488 nm) and/or (594 nm) Alexa Fluor ® -conjugated donkey antirabbit, anti-mouse and/or anti-goat (Molecular Probes). Cells were stored in Fluoromount-G (Southern Biotechnology) and analysed using a Bio-Rad (Zeiss) 2100 Rainbow Radiance LSCM (laser-scanning confocal microscope) attached to a Nikon TE2000-U microscope at 21
• C with a × 60 oil-Plan-Apo-1.4na objective. For visualization, fluorescence associated with Alexa Fluor ® 594-labelled secondary antibody was excited using the 543 nm laser line, and collected using a standard Texas Red filter. Fluorescence associated with Alexa Fluor ® 488-labelled secondary antibodies was visualized using the 488 nm laser line, and collected using a standard FITC filter set. Images were collected using the Bio-Rad Laser Sharp 2000 (version 3.2) software and processed using Image J and Adobe Photoshop CS.
Co-immunoprecipitation assays
For co-immunoprecipitation of Rab27a with JFC1/Slp1, 1 × 10 7 human neutrophils were isolated as described above and treated with 2.5 mM di-isopropyl fluorophosphate (Sigma) for 10 min at 4
• C. Then, neutrophils were resuspended in a lysis buffer consisting of 50 mM Tris/HCl (pH 7.4), containing 150 mM NaCl and 2 % N-octyl-β-D-glucopyranoside or 1 % Triton X-100 and supplemented with protease inhibitors. The cells were kept in ice for 30 min and spun down at 13 000 g for 15 min at 4
• C to eliminate the cell debris. The level of expression of JFC1/Slp1 and Rab27a in the samples was analysed by Western blot. The immunoprecipitation reactions were carried out overnight at 4
• C by the addition of the anti-JFC1/Slp1 affinity-purified antibody or an irrelevant antibody as control [rabbit anti-HA (haemagglutinin) epitope; Santa Cruz Biotechnology] to the precleared lysates and by further addition of anti-rabbit IgG beads (TrueBlot TM ; eBiosciences). The presence of Rab27a and JFC1/Slp1 in the immunoprecipitates was determined by Western-blot analysis using specific monoclonal and polyclonal antibodies respectively. In some experiments, JFC1/Slp1 was co-immunoprecipitated with Rab27a from HL-60 cell lysates using a rabbit anti-Rab27a-specific antibody and Protein A-agarose. In these experiments, the presence of Rab27a and JFC1/Slp1 in the immunoprecipitates was determined by Western blot using specific polyclonal antibodies and Protein A-conjugated HRP (horseradish peroxidase) to detect the bound antibody.
Stimulated secretion in SLO (streptolysin O)-permeabilized human neutrophils
Secretory assays using SLO-permeabilized cells were performed as previously described [24] . Briefly, neutrophils were washed twice with PBS and resuspended in permeabilization buffer [24] . Human neutrophils (2.5 × 10 6 ) were resuspended in permeabilization buffer (100 µl) and transferred to a tube containing 2 µl of 2500 units/ml SLO in the presence of 2 µM GST (glutathione Stransferases) or GST-C2A(JFC1/Slp1) and incubated at 37
• C for 5 min. The cells were stimulated with phorbol ester (PMA; 0.5 µg/ ml). The reactions were stopped by transferring the samples to ice and immediately centrifuged at 16 000 g for 5 min at 4
• C. The released MPO was analysed by ELISA (Assay Design) following the manufacturer's instructions. The purification of GST-C2A(JFC1/Slp1) was described previously [25] .
Antibodies
The mouse monoclonal and rabbit polyclonal antibodies raised against Rab27a were described elsewhere [19] . The polyclonal antibody raised against JFC1/Slp1 was described previously [19] . Other antibodies used were: goat polyclonal antihuman MMP-9, goat polyclonal anti-human MPO, and mouse anti-VAMP-2 (vesicle-associated membrane protein-2) (Santa Cruz Biotechnology); rabbit polyclonal anti-VAMP-8 (Abcam, Cambridge, MA, U.S.A.) and rabbit polyclonal anti-actin (Sigma). The polyclonal antibody directed against the NADPH oxidase subunit p22 phox was raised in rabbits, using the peptide CNPPPRPPAEARKKPSE.
Rab27a cct/cct mice
Mice homozygous for the Rab27a allele Concrete (cct) were identified based on their hypopigmented appearance in third generation (G3) animals carrying mutations induced at random by N-ethyl-N-nitrosourea [26] on a pure C57BL/6 background. The hypopigmentation phenotype was mapped by outcrossing the founder to C3H/HeN mice and intercrossing the F1 hybrid progeny. On 32 meioses (16 F2 mice, 15 of which showed the mutant phenotype), linkage to chromosome 9 was observed with a LOD (log likelihood ratio) score above 3, with confinement between markers D9Mit336 and D9Mit355 ( Figure 1A ). The Rab27a locus resides within this interval, and a nonsense transversion (AGA > TGA; R54 > STOP) was observed within the Rab27a coding sequence ( Figure 1B ). Rab27a cct/cct homozygotes were expanded and maintained as a homozygous stock for use in these studies. For in vivo studies of MPO secretion, mice were injected intraperitoneally with 100 µg of LPS (lipopolysaccharide). Smooth LPS, isolated and purified from Escherichia coli O111:B4 (Alexis), was used. Blood samples were collected before and at 4 and 8 h post injection.
Isolation of murine leucocytes
Murine blood (∼ 1 ml per animal) was obtained by cardiac puncture. Red blood cells were lysed using 20 ml of lysing buffer (168 mM NH 4 Cl, 10 mM KHCO 3 and 100 µM EDTA, pH 7.3) for 2 min at room temperature. Residual red blood cells were separated using a two-layer Percoll gradient (52 and 78 %). Leucocytes were isolated from the 52-78 % interface and washed twice with PBS before use. For neutrophil isolation, a three-layer Percoll gradient was used (52, 62 and 78 %). Neutrophils were isolated from the 62-78 % interface, washed and used in phagocytosis assays.
Phagocytosis assays
Human or murine neutrophils (5 × 10 4 ) were transferred to an eight-well chambered coverglass containing 200 µl of RPMI 1640/10 % (v/v) fetal calf serum. The cells were incubated for 30 min at 37
• C in a humidified incubator under 5 % CO 2 /air. Texas Red-conjugated opsonized zymosan (5 × 10 6 particles; Molecular Probes) was added and the cells were further incubated for 15 min. In some experiments, the extracellular particles were quenched using Trypan Blue. The cells were fixed and JFC1/Slp1, Rab27a, MPO and LAMP-2 (lysosome-associated membrane protein-2) were detected by immunofluorescence and confocal microscopy analysis.
SDS/PAGE and Western blotting
Proteins were separated by PAGE in the presence of 1 % (w/v) SDS. Proteins were transferred on to nitrocellulose membranes for 120 min at 60 V and 4
• C. The membranes were blocked with PBS containing 5 % (w/v) blotting grade blocker non-fat dry milk (Bio-Rad) and 0.05 % (w/v) Tween 20 (pH 7.4). The proteins were detected by probing the membranes with the indicated primary antibodies at appropriate dilutions. The detection system used comprises HRP-conjugated secondary antibodies (Caltag Laboratories) and the LumiGlo chemiluminescence substrate (Upstate 
Biotechnology). Detection of the transferred proteins was performed on chemiluminescence films (Amersham Bioscience).
Statistical analysis
Continuous variables were expressed as means + − S.E.M. The statistical significance of the difference of the means was analysed by ANOVA. P < 0.05 was considered statistically significant.
RESULTS
Secretion of MPO is dramatically impaired in Rab27a
cct/cct mice Several recent reports have highlighted the role of the small GTPase Rab27a and its effectors in exocytosis [10, 19, 27] . In particular, Rab27a plays a fundamental role in the exocytic mechanism of lysosome-related organelles including melanosomes [28] , lytic granules [29] , platelet-dense granules [30] and basophil granules [31] . Since neutrophil function might be altered in Rab27a deficiency [14, 15] , we hypothesized that Rab27a might play a central role in the exocytosis of neutrophil lysosome-related organelles: the azurophilic granule. To evaluate the role of Rab27a in the exocytosis of azurophilic granules in vivo, we utilized Rab27a cct/cct mice. Concrete mice present a hypopigmented appearance ( Figure 1C ) and do not express Rab27a although they express detectable amounts of the Rab27a effector JFC1/Slp1 ( Figure 1D ). We analysed the release of MPO, an enzyme that is mainly expressed in neutrophils, in Rab27a-deficient mice after intraperitoneal injection of LPS. The results presented in Figure 2 (A) show that the plasma concentration of MPO in Rab27a-deficient mice is significantly lower than that in the control population after LPS treatment. Significant differences were observed at 4 and 8 h after injection; however, no differences were detected for the basal level of MPO before LPS injection. Importantly, no significant differences were observed in the number of circulating neutrophils in the peripheral blood of control and Rab27a cct/cct mice ( Figure 2B ). These results clearly indicate that Rab27a plays a central role in the process of regulated (inducible) MPO secretion, suggesting that defects in MPO exocytosis are part of the spectrum of cellular immunological disorders observed in Rab27a deficiency, together with T-lymphocyte and natural killer cell abnormalities.
Expression and subcellular distribution of Rab27a and JFC1/Slp1 in human neutrophils
Rab27a regulates the efficiency and specificity of exocytosis through interaction with specific effectors. We evaluated the subcellular distribution of Rab27a and its effector JFC1/Slp1 in human neutrophils after cell fractionation, using a well-characterized method for the separation of neutrophils granules [23] . With this method, three different granule populations are identified and designated the α-fraction (most dense), the β-fraction (intermediate density), and the γ -fraction (least dense) with the cytosol on top. Rab27a was mainly detected in the low-density γ fraction and was slightly detected in the β and α fractions ( Figure 3A) . The Rab27a effector JFC1/Slp1 was also mainly distributed in the γ fraction with a minor proportion being detected in the β fraction and the cytosol ( Figure 3A) . Using a continuous sucrose gradient, we confirmed that Rab27a and JFC1/Slp1 are present in the low-density granule fraction ( Figure 3B ), a subpopulation of granules that is considered more readily releasable than high-density granules. The presence of JFC1/Slp1 in the cytosol is in agreement with our previous study showing that a major characteristic of this Rab effector is to cycle between membrane and cytosol in a phosphorylation-dependent manner [32] . Coinciding with the distribution of Rab27a and JFC1/Slp1, we detected a minor population of MPO-containing granules in the low-density granule fractions ( Figures 3A and 3B ). This is in agreement with a previous study showing that although MPO is predominantly present in the high-density (α) band, minor subpopulations of the MPO-positive granules comprising 10 and 5 % of the MPO-containing granules are present in the intermediate density (β) and low-density (γ ) bands respectively −/− mice (open circles) and wild-type mice (closed circles) were challenged with a single intraperitoneal injection of LPS (+) or vehicle (−). Blood samples were collected before (0 h) and 4 and 8 h after injection. The samples were spun down and plasma was collected and analysed for the presence of MPO using a mouse-specific ELISA (HyCult Biotechnology). The statistical significance of the difference of the means was analysed by ANOVA. *P < 0.01; **P < 0.001. (B) Differential leucocyte counts in Rab27a-deficient and control mice were performed using a HEMAVET-950 Hematology system (n = 3). Black columns, wild-type mice; grey columns, Rab27a-deficient mice. WBC, white blood cells; NE, neutrophils; LY, lymphocytes; MO, monocytes; EO, eosinophils; BA, basophils.
[33]. This also concurs with an earlier study, which suggested that azurophilic granules are heterogeneous in terms of density [34] . Importantly, VAMP-2, a protein involved in the exocytosis of neutrophil secretory organelles [35] , also fractionated in the Rab27a/JFC1/Slp1-enriched fraction ( Figure 3A) . Conversely, VAMP-8, a SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor) protein involved in exocytosis in pancreatic acinar cells [36] , was detected not only in the γ but also in the α and β fractions, suggesting a different role for proteins of this family in the exocytosis of neutrophil granules. MMP-9 and p22 phox , which co-distributed between the low-density and the intermediate density fractions, were included as controls of the fractionation procedure.
To evaluate the subcellular distribution of endogenous Rab27a and JFC1/Slp1 in relationship to that of the azurophilic granule marker, MPO, we analysed their subcellular localization by immunofluorescence and confocal microscopic analysis. We detected the presence of Rab27a and JFC1/Slp1 in co-localization with MPO but, as expected from the cellular fractionation studies, only a subpopulation of MPO-containing granules was labelled with these secretory proteins ( Figure 3C ). These results support the inference that the great degree of heterogeneity observed in azurophilic granules is not limited to electron density, size, shape and density [34] , but extends to their content of Rab proteins and their effectors. Based on these findings, on the previously described role of Rab27a in exocytosis [10, 19] and on the observation that only a minor subpopulation of azurophilic granules is believed to undergo exocytosis [37] , we hypothesized that the Rab27a-containing pool of azurophilic granules can undergo exocytosis and co-exists with a non-releasable pool of azurophilic granules that lack associated secretory machinery. To confirm that Rab27a and JFC1/Slp1 are constituents of a common secretory machine in neutrophils, we evaluated their subcellular distribution and interaction by confocal microscopy and co-immunoprecipitation assays respectively. In Figure 3(D) , we show that endogenous Rab27a and JFC1/Slp1 co-localize at punctate structures that resemble secretory organelles in human neutrophils. We also found that endogenous Rab27a co-immunoprecipitates with endogenous JFC1/Slp1 in granulocytes ( Figures 3E and 3F ), indicating that the interaction of these secretory proteins might have physiological significance in these cells.
Secretion of MPO is impaired by interference with the Rab27a-JFC1/Slp1 secretory machinery
The Rab27a effector JFC1/Slp1 contains a RBD in its N-terminus and tandem C2 domains in its C-terminus. We previously showed that the Rab27a-binding domain of a truncated JFC1/Slp1, lacking the tandem C2 domains, localizes on vesicles that do not distribute in the proximity of the plasma membrane [18] . We also showed that the C2A domain of JFC1/Slp1 localizes exclusively to the plasma membrane when expressed as an EGFP chimaera [18] . These observations led to the hypothesis that JFC1/Slp1 plays the part of a connector, docking Rab27a-bearing vesicles to the plasma membrane [19] . In the present study, we show that the C2A domain of JFC1/Slp1 localizes to the plasma membrane in human neutrophils when expressed as an EGFP chimaera ( Figure 4A) . Then, to demonstrate that the Rab27a-JFC1/Slp1 machinery is involved in the exocytosis of neutrophil secretory organelles, we used a cellular approach based on the principle that the intracellular presence of the C2A domain of JFC1/Slp1 would compete with endogenous JFC1/Slp1 for a docking site on the plasma membrane and thereby impair secretion. We have used this approach successfully in the past to demonstrate the participation of JFC1/Slp1 and Rab27a in exocytosis in prostate carcinoma cells [19] . In the present study, we used SLO [38] , a bacterial pore-forming toxin, to establish a semi-intact assay system for the analysis of granule secretion in human neutrophils. In Figure 4 (B), we show that the secretion of the azurophilic granule marker MPO is dramatically impaired by interference with the Rab27a-JFC1/Slp1 apparatus in human neutrophils stimulated with phorbol ester. These results correlate with the results of immunofluorescence studies presented above showing that Rab27a and JFC1/ Slp1 co-localize at MPO-containing granules. These results suggest for the first time that Rab27a and JFC1/Slp1 are part of the secretory machinery leading to exocytosis of a subset of neutrophil granules.
Rab27a plays a central role in the exocytosis of azurophilic granules in granulocytes
Neutrophils are non-dividing cells with poor survival after isolation. Consequently, exogenous gene expression or gene downregulation in neutrophils is challenging. Researchers have Figure 3 Rab27a and JFC1/Slp1 are constituents of a common secretory machine and co-localize with MPO in neutrophil granules (A) Human neutrophils were disrupted by nitrogen cavitation and the post-nuclear supernatant was separated using a two-layer Percoll gradient as described in the Experimental section. After centrifugation, three different bands were identified, designated from the bottom, the α-band, the β-band, and the γ -band with the clear cytosol (Cyt) on top. Cytosol (1.8 × 10 6 cell equivalents) or membranes (4.3 × 10 6 cell equivalents) were resolved by SDS/PAGE and the subcellular localization of the indicated proteins was analysed by Western blot. Upper panel, secretory proteins; lower panel, granule markers. (B) Neutrophils were disrupted and fractionated using a continuous sucrose gradient. Samples were analysed by Western blot for the presence of the indicated markers and for MPO activity by an enzymatic assay. (C) Endogenous JFC1/Slp1 and endogenous Rab27a were detected by immunofluorescent confocal microscopy in conjunction with the azurophilic granule marker MPO as indicated in the Figure. Endogenous JFC1/Slp1 and Rab27a were detected using specific rabbit polyclonal antibodies and for the detection of MPO we used an antibody raised in goat. For detection, the secondary antibodies Alexa fluor ® -conjugated donkey anti-rabbit (488 or 594), and donkey anti-goat (594 or 488) were used. In some experiments, the nucleus was visualized by staining DNA with DAPI. Arrows indicate the co-localization of JFC1/Slp1 or Rab27a in punctate structures labelled for the indicated granule markers. Arrowheads indicate MPO-containing granules with no detectable JFC1/Slp1 or Rab27a. Scale bar, 10 µm. (D) Co-localization of endogenous JFC1/Slp1 and endogenous Rab27a was detected by immunofluorescent confocal microscopy in human neutrophils. In these experiments, neutrophils were labelled for immunofluorescent detection of Rab27a (red) or JFC1/Slp1 (green) using a mouse monoclonal and a rabbit polyclonal antibody respectively or negative controls (results not shown). For detection, the secondary antibodies Alexa fluor ® -conjugated donkey anti-rabbit (488) and donkey anti-mouse (594) were used. Scale bar, 10 µm. (E) Rab27a is co-immunoprecipitated with JFC1/Slp1 from human neutrophil lysates. Human neutrophils were isolated, di-isopropyl fluorophosphate-treated and lysed as described in the Experimental section. An aliquot of the sample was saved to establish the level of expression of JFC1/Slp1 and Rab27a (input). The immunoprecipitation (IP) reactions were carried out by the addition of anti-JFC1/Slp1 polyclonal antibody to the precleared lysate, overnight at 4 • C, and by the subsequent addition of TrueBlot beads (eBioscience). An irrelevant antibody (Irr Ab, anti-HA epitope) was used as negative control. Immunoprecipitated Rab27a and JFC1/Slp1 were determined by Western-blot analysis (WB) using specific monoclonal and polyclonal antibodies respectively. The results are representative of three different experiments with similar results. (F), JFC1/Slp1 and Rab27a were co-immunoprecipitated from HL-60 granulocytes using an anti-Rab27a polyclonal antibody as described in the Experimental section.
partially overcome these difficulties by performing studies in welldeveloped cell-free systems [39] , with permeabilized neutrophils, or with cell lines that resemble neutrophils in some ways. In particular, HL-60 promyelocytic cells can be differentiated to form granulocytes by treatment with DMSO or retinoic acid [40] . HL-60-derived granulocytes express active NADPH oxidase, undergo phagocytosis, and have the capacity to undergo exocytosis in response to stimuli, although their repertoire of secretory organelles is limited to azurophilic granules [41] . First, we evaluated the expression of Rab27a and its effector JFC1/Slp1 in HL-60 cells. As shown in Figure 5 , Rab27a is poorly expressed in undifferentiated HL-60 cells. However, dramatic up-regulation of the expression of Rab27a occurs after differentiation to the granulocyte lineage. In contrast, we observed relatively low expression of Rab27a in HL-60 cells differentiated to the monocyte lineage. Moreover, the effect was specific for Rab27a since not all Rab proteins were up-regulated under identical experimental conditions (i.e. Rab11; Figure 5A ). Altogether, these results indicate that Rab27a upregulation parallels the functional maturation of myeloid cells and support the idea that Rab27a function is important in mature granulocytes. We also observed that expression of the Rab27a-specific effector JFC1/Slp1 is up-regulated during HL-60 differentiation to granulocytes ( Figure 5B ). However, this effect was of a lesser magnitude than that observed for Rab27a, perhaps because a relatively large amount of JFC1/Slp1 is already expressed in undifferentiated cells. We then analysed the cellular distribution of Rab27a and JFC1/Slp1 in HL-60 granulocytes by immunofluorescence and confocal microscopy. In Figure 5 (C) we show that Rab27a and JFC1/Slp1 localize to punctate structures that resemble granules in HL-60 differentiated granulocytes. To confirm that these structures were secretory organelles, we simultaneously detected the marker of secretory organelles VAMP-2 and we showed that Rab27a and JFC1/Slp1 largely co-localize with this marker, supporting the utilization of HL-60 as a cellular model for the analysis of Rab27a function.
To elucidate the function of Rab27a in granulocytes, we first optimized the down-regulation of Rab27a expression using siRNA. HL-60 cells transfected with Rab27a-specific siRNA showed a dramatic decrease (∼ 85 %) in the level of expression of Rab27a, while three different control siRNAs had no effect (Figure 6A) . Interestingly, although some Rab effectors are known to be unstable in the absence of their Rab counterparts, as is the case for the Rab27a effector melanophilin [42] , the expression of JFC1/Slp1 was not affected by Rab27a down-regulation (Figure 6B ) or in Rab27a-deficient neutrophils ( Figure 1D ). This is probably explained in part by the natural abundance of JFC1/Slp1 in the cytosol, since this pool of protein is not in contact with membrane-bound Rab27a. Importantly, the relative distribution of JFC1/Slp1 in the cytosol increases after Rab27a down-regulation ( Figure 6C ), supporting a role for Rab27a as a docking molecule for JFC1/Slp1 on the secretory organelles. This further supports a role for JFC1/Slp1 as a Rab27a effector in granulocytes.
To evaluate the role of Rab27a in the secretory pathway of azurophilic granules, we analysed the exocytotic capacity of HL-60 cells after Rab27a knockdown. We found that MPO secretion was significantly decreased in Rab27a-down-regulated granulocytes when compared with HL-60 cells transfected with nonsilencing control siRNA ( Figure 6D ). Of note, the secretion of MPO was markedly reduced but not abolished in Rab27a-downregulated cells. This is most likely explained by the fact that residual Rab27a is present in siRNA-treated cells. Altogether, these results suggest a central role for Rab27a in the secretory function of granulocytes and in particular, in the release of the content of azurophilic granules. (2), please refer to the Experimental section for sequences], or with control siRNA (C1, JFC1/Slp1-specific; C2, Akt-specific; and C3, non-silencing siRNA). The cells were differentiated to granulocytes 24 h after transfection and, 48 h later, were harvested and analysed for the expression of Rab27a. (B) Experiments were performed as described above except that lysates were evaluated for the expression of JFC1/Slp1 as well as Rab27a. In these experiments, the siRNA Rab27a (2) 
Rab27a does not play a significant role in the mobilization of azurophilic granules to the phagosome
Phagocytosis of an invading micro-organism plays a central role in innate immunity. The capacity of neutrophils to efficiently protect the host organism from an invading micro-organism depends in part on their ability to mobilize organelles containing microbicidal proteins to the phagosome. Although a low proportion of MPOcontaining granules is released into the extracellular milieu during activation, azurophilic granules are mostly considered to degranulate into the phagosome during bacteria engulfment. This facilitates the bactericidal activity of cationic granule proteins that are primarily responsible for the destruction of the bacteria [43] . Interestingly, phagocytosis defects have been observed in some but not all patients with GS [14, 15] , posing the question as to whether Rab27a is involved in the transport of granules towards the phagosome. We evaluated the behaviour of Rab27a-containing vesicles during phagocytosis in human neutrophils. Our results indicate that neither JFC1/Slp1 nor Rab27a integrates into the phagosome membrane during phagocytosis of opsonized zymosan ( Figure 7A ). Taking account of the fact that only a subpopulation of azurophilic granules contains JFC1/Slp1 and Rab27a (Figure 3 ), we suggest that the subpopulation of azurophilic granules responsible for MPO release into the surrounding milieu is qualitatively different from the subpopulation of granules involved in MPO release into the phagosome. Supporting this, we found that Rab27a-deficient neutrophils can efficiently phagocytose opsonized zymosan particles and deliver MPO to the phagosome ( Figure 7B ). However, in these experiments we analysed the behaviour of Rab27a in relation to mature phagosomes, and we are unable to discount a potential role for Rab27a during early stages of phagosome formation or through a 'kissand-run' [44] type of secretory process.
DISCUSSION
Exocytosis and the fusion of neutrophil granules with the phagosome are crucial events in inflammation and host defence. Tight regulation of the exocytic process is particularly important in neutrophils, because unrestricted release of the toxic contents of neutrophil granules would be injurious to the host. However, many of the molecular mechanisms that control differential exocytosis of the various secretory organelles found in neutrophils remain obscure. In this study, we present strong evidence that the small GTPase Rab27a plays a central role in the regulation of azurophilic granule exocytosis in neutrophils. Patients with type 2 GS (deficient in Rab27a) develop an immunodeficiency disorder characterized by malfunction of cytotoxic T-lymphocytes, which show deficient exocytosis of lytic granules, and by impaired natural killer cell function. Little attention has been paid to neutrophil dysfunction observed in GS except for two previous case reports, which suggested that patients with GS may have defects in the function of their granulocytes. However, the findings were subject to multiple interpretations. One of the studies reported abnormal granulocyte bactericidal activity in some of the patients evaluated [14] , while the other study reported abnormalities in the phagocytic activity of neutrophils in a subpopulation of the patients under study [15] . Therefore, to elucidate the role of Rab27a in neutrophil function in Figure 7 Rab27a does not play a significant role in the mobilization of azurophilic granules to the phagosome (A) Rab27a and JFC1/Slp1 do not integrate with the membrane of mature phagosomes. Human neutrophils were exposed to Texas Red-conjugated opsonized zymosan particles (Molecular Probes) for 15 min at 37 • C. The cells were fixed and the subcellular distribution of the indicated proteins was detected by immunofluorescence analysis and confocal microscopy as described in the Experimental section. Cells were analysed from top to bottom and a representative image of the Z-analysis is shown. LAMP-2, lysosome associated membrane protein-2; N, nuclear lobe; IF, immunofluorescence. (B) Neutrophils obtained from Rab27a-deficient mice were used in phagocytosis assays as described in the Experimental section. Rab27a-deficient neutrophils efficiently phagocytose opsonized zymosan particles and deliver MPO to the phagosome. Neutrophils were isolated from peripheral blood from Rab27a-deficient (Rab27a −/− ) or wild-type (WT) mice and exposed to Texas Red-conjugated opsonized zymosan particles as above. The cells were fixed and the subcellular distribution of the indicated proteins was detected by immunofluorescence analysis and confocal microscopy.
further detail, we first analysed the response of Rab27a cct/cct mice to LPS and found that the secretion of MPO is dramatically impaired in this animal model. These findings have physiological implications and suggest that Rab27a is an essential component of the secretory machinery of azurophilic granules. Then, we investigated the subcellular distribution of Rab27a by cell fractionation and immunofluorescence microscopy. We determined that Rab27a co-localizes with MPO, a marker of azurophilic granules. Importantly, only a minor fraction of the MPO-positive granules has been shown to undergo exocytosis in response to stimuli like fMet-Leu-Phe (N-formylmethionyl-leucylphenylalanine) and calcium ionophores [37] , and azurophilic granules are known to fuse primarily with the phagosome during phagocytosis. This correlates with the results presented here showing that only a minor fraction of azurophilic granules contains Rab27a in their membranes. This supports the hypothesis that azurophilic granules are heterogeneous in their use of secretory machinery.
In the present study, we also show that interference with the Rab27a secretory machinery using the plasma-membranebinding domain of JFC1/Slp1 impairs the secretion of MPO in human neutrophils (Figure 4) . Therefore it becomes apparent that Rab27a and JFC1/Slp1 are important constituents of the secretory machinery of peroxidase-positive granules in neutrophils. To corroborate the finding that Rab27a actually plays an active role in the secretion of MPO, we examined HL-60 differentiated granulocytes, which contain azurophilic granules but not tertiary or specific granules. In these cells, down-regulated expression of Rab27a causes impairment of MPO release, supporting the data obtained in our experiments in vivo and in human neutrophils. Interestingly, neutrophil secretory organelles differ in their propensity to respond to stimuli. For example, secretory vesicles and tertiary, secondary and primary granules differ in the Ca 2+ levels necessary to induce half-maximal marker release and in their tendency to respond to receptor-mediated stimulation [37] . A possible explanation for this phenomenon is that different Rab or Rab effectors may be involved in the secretory mechanism of organelles with different tendencies to undergo exocytosis. So far, 11 possible Rab27a effectors have been described in many cellular systems [27] . We show in the present study that JFC1/Slp1, a Rab27a effector originally isolated as a binding partner of a cytosolic factor of the neutrophil NADPH oxidase, is highly expressed in neutrophils and co-localizes with Rab27a. We also show that the C2A domain of JFC1/Slp1, a phosphoinositideinteracting module that has been shown to inhibit secretion in other cellular systems [19] , has the ability to down-regulate the secretion of MPO from human neutrophils. We therefore suggest that JFC1/Slp1 might play an important role in the secretory machinery of human neutrophil granules, although we do not disregard the possibility that other Rab27a effectors co-participate in this complex secretory mechanism. Interestingly, proteomic analysis of human neutrophil granules demonstrated that MUNC13-4, another Rab27a effector shown to control the secretion of lysosomes from haemopoietic cells [45] , is present in low-density secretory organelles [46] . At present, however, our findings represent the first evidence of the participation of Rab27a and JFC1/ Slp1 in the exocytosis of neutrophil secretory organelles. The role of other Rab GTPases and effectors remains to be elucidated.
Although the secretion of MPO and other proteins with microbicidal activity to the extracellular milieu may be necessary to combat micro-organisms that have not been phagocytosed, their release is potentially deleterious to the host. For example, MPO activity has been associated with the pathogenesis of atherosclerosis, hypertension and diabetic vascular complications [47, 48] . Therefore uncontrolled MPO release represents a potential hazard and its release must be tightly regulated. The central role of Rab27a in the regulated secretion of MPO would therefore be expected to have important physiological consequences, and suggest that a better understanding of the Rab27a-dependent secretory machinery might lead to the design of effective molecular strategies for the treatment of conditions in which exocytosis is altered. This could have implications in the control of primary immunodeficiencies with alterations in the secretory pathway of leucocytes like GS, and in the control of inflammatory vascular diseases in which the secretion of MPO has been implicated.
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